The ability to spontaneously recall recently learned information is a fundamental mnemonic activity of daily life, but has received little study using functional neuroimaging. We developed a functional MRI (fMRI) paradigm to study regional brain activity during encoding that predicts free recall. In this event-related fMRI study, ten lists of fourteen pictures of common objects were shown to healthy young individuals and regional brain activity during encoding was analyzed based on subsequent free recall performance. Free recall of items was predicted by activity during encoding in hippocampal, fusiform, and inferior prefrontal cortical regions. Within-subject variance in free recall performance for the ten lists was predicted by a linear combination of condition-specific inferior prefrontal, hippocampal, and fusiform activity. Recall performance was better for lists in which prefrontal activity was greater for all items of the list and hippocampal and fusiform activity were greater specifically for items that were recalled from the list. Thus, the activity of medial temporal, fusiform, and prefrontal brain regions during the learning of new information is important for the subsequent free recall of this information. These fronto-temporal brain regions act together as a large-scale memory-related network, the components of which make distinct yet interacting contributions during encoding that predict subsequent successful free recall performance. V V C 2007 Wiley-Liss, Inc.
INTRODUCTION
The ability to spontaneously recall recently learned information is essential in daily life, and often fails with aging and neurodegenerative diseases, particularly Alzheimer's disease (AD) (Albert, 2002) . Human episodic memory performance is typically measured clinically using psychometric tests of free recall, cued recall, and recognition, yet functional neuroimaging studies of memory have employed primarily encoding and recognition memory paradigms. Given the salience of spontaneous recall to humans, surprisingly little work has been reported on the neural or hemodynamic predictors of this cognitive process.
Functional MRI (fMRI) demonstrates that successful recognition memory is predicted by activity during encoding in a distributed set of brain regions, including inferior prefrontal and ventral and medial temporal lobe (MTL) (Brewer et al., 1998; Wagner et al., 1998; Kirchhoff et al., 2000; Sperling et al., 2003; Garoff et al., 2005) . The first fMRI study of encoding predictors of free recall reported that hippocampal activation during encoding increased with number of items recalled, but the block design did not enable the disambiguation of activation associated specifically with items that were successfully recalled (Fernandez et al., 1998 ). An event-related fMRI study of free recall demonstrated greater left perirhinal, left hippocampal, and right entorhinal activity during encoding of verbal stimuli that were successfully recalled (Strange et al., 2002) . However, brain coverage was restricted to MTL and ventral fronto-temporal regions. Two recent eventrelated fMRI studies have identified frontal and medial and ventral temporal activity that predicts free recall; in one of these studies, cerebellar activity also predicted free recall (Brassen et al., 2006) , while in the other study, posterior parietal activity also predicted recall (Staresina and Davachi, 2006) .
Several important questions remain regarding encoding-related brain activity and subsequent free recall. Although prefrontal-medial temporal interactions have been hypothesized as important for memory function and disorders of memory (Warrington and Weiskrantz, 1982) , there is a paucity of functional neuroimaging data directly addressing such interactions (Simons and Spiers, 2003) . For example, do prefrontal-MTL interactions at encoding predict the number of items freely recalled from short item lists (analogous in length to some clinical neuropsychological tests)? This issue has never been addressed in part because several previous studies have employed a few relatively long lists of items.
In this study, we developed an event-related paradigm in which fMRI data were acquired during visual encoding of ten relatively short pictorial lists of unique objects and then analyzed with respect to subsequent free verbal recall of object names. Based on previous visual object encoding/recognition fMRI experiments, we hypothesized that greater inferior prefrontal, fusiform, and MTL activity during encoding would predict subsequent free recall (Brewer et al., 1998; Kirchhoff et al., 2000; Sperling et al., 2003) . In addition, since we observed within-subject variance in recall across the ten runs, we hypothesized that better intraindividual (within-subject) recall performance on lists of items would be predicted, at least in part, by a greater degree of correlated activity in prefrontal and medial temporal regions during encoding. Because of the hypothesis-driven nature of this study, the primary analysis was performed using a priori ROIs for the regions mentioned above, and this was followed by an exploratory whole-brain analysis (Kirchhoff and Buckner, 2006) .
MATERIALS AND METHODS

Participants
Participants were 15 right-handed, native English speakers (10 women, 5 men; ages 20-30 yr, mean 5 23.7) who were recruited via local advertisements and received $100 each for participation. Each participant was in good health and free from history of neurologic or psychiatric illness, and was not taking medications with central nervous system pharmacologic activity. All participants gave informed consent, and the study was approved by the Partners Healthcare System Human Research Committee.
Stimuli and Cognitive Task
Color pictures of common objects were obtained from a commercial image service (Hemera Technologies, Gatineau, Quebec, Canada); image backgrounds were masked such that each object appeared against a white background. The test stimuli consisted of 10 lists of 14 pictures each. Each picture was presented for 2.75 s. Using OptSeq (http://surfer.nmr.mgh.harvard.edu/optseq/), ''jittered'' periods of visual fixation lasting between 0.25 and 9 s were pseudo-randomly interspersed between the presentation of each picture to maximize the efficiency of the design matrix (Dale, 1999) . The total time for each list presentation was 78 s. Participants were instructed to press a button to indicate whether each object was ''natural'' or ''man-made,'' and to try to learn the item for subsequent memory testing. Each test list was balanced for natural and man-made objects, and the sequence of natural and man-made objects was randomized within each list.
Prior to scanning, the procedure was explained and participants completed one training block in a behavioral testing room. Once in the scanner, participants completed another training block to ensure that they could adequately see the stimuli and use the button box. Instructions were presented verbally by the investigators via the scanner intercom system. During scanning, each of the ten 14-item lists was presented as a 78-s encoding run. The presentation of each list of 14 pictures (each encoding run) was followed immediately by a 15-s distractor task (not scanned) during which subjects were instructed to count (out loud) backward by threes, starting at a number between 70 and 99 (randomly chosen for each run by the investigators). Immediately following the distractor task, the subjects were asked to freely recall (not scanned) the names of as many of the items as possible from the previous list, in any order. Sixty seconds was allowed for free recall. Words were recorded by the investigators as they were stated by the subject, in order, and an item was counted as a free recall ''Hit'' if it was a specific descriptor of one of the items viewed in the immediately preceding encoding list. Intrusions and perseverations were also recorded. Items that had been presented but for which verbal descriptors were not recalled were categorized as recall ''Misses.'' Ten such encoding and free recall runs were administered.
All stimuli were presented on a PC laptop using Eprime software (Psychology Software Tools, Pittsburgh, PA). Stimuli were projected into the scanner using a rear mounted LCD projector in conjunction with a mirror mounted on the head coil.
Functional Imaging
A Siemens (Siemens Medical Solutions, Malvern, PA) 1.5T Magnetom Avanto system equipped with a total imaging matrix (TIM) 12-channel head coil was used to acquire high-resolution T1-weighted anatomical data (MPRAGE: TR/TI/TE 2730/ 1000/3.31 ms, FOV 5 256, FA 5 78, 128 sagittal slices, thickness 5 1.33 mm, matrix 192 3 256 (1.3 mm 3 1 mm in-plane resolution), and T2*-weighted gradient-echo echo-planar (EPI) functional data (TR 5 2,000 ms, TE 5 30 ms, 30 oblique coronal slices aligned perpendicularly to the long axis of the left hippocampal formation, foot-to-head phase-encoding direction, 4-mm thickness, 0.4-mm interslice skip, 192 mm FOV, matrix 64 3 64 (3 mm 3 3 mm in-plane resolution), 39 acquisitions per run). Four additional volumes were collected and discarded at the beginning of each run to allow for T1 equilibration. An online automatic slice-positioning atlas was used for slice prescription (van der Kouwe et al., 2005) . The field of view provided nearly whole brain coverage and data were collected in an occipital-tofrontal direction (Fig. 1) .
Behavioral Data Analysis
Accuracy and latency of behavioral responses during the semantic decision task during encoding were collected. ANOVA models were used to analyze behavioral data for effects of interest. The first word in each list demonstrated a primacy effect and the last two words demonstrated a recency effect (see Results), and hence the remaining 11 words (the list body) were modeled separately for the first analysis below (Hits vs. Misses), to avoid confounding subsequent memory with primacy and recency effects. The second analysis, focused on intraindividual fMRI OF FREE RECALLperformance variability, employed all list items to maximize statistical power. These statistical analyses were performed using SPSS 11.0 (Chicago, IL).
Functional MRI Data Analysis
Data were preprocessed using Statistical Parametric Mapping (SPM2; Wellcome Department of Cognitive Neurology, London, UK) for Matlab (The Mathworks, Natick, MA). Functional data were realigned using INRIAlign, a motion-correction algorithm unbiased by local signal changes (Freire and Mangin, 2001; Freire et al., 2002) . The data were then normalized to the standard SPM2 EPI template and resampled into 3-mm isotropic resolution in MNI space. Data were then smoothed using a 5-mm Gaussian kernel, and modeled with the canonical hemodynamic response function. A high-pass filter of 84 s was used to remove low-frequency signal (e.g., drifts across run).
The subsequent memory analysis involved sorting encoding trials into bins depending on participants' behavioral responses in the free recall test. Specifically, trials were divided into two categories depending on whether the items were freely recalled (''Free Recall Hits'') or not (''Free Recall Misses'').
Functional-Anatomic Regional MRI Data Analysis
A functional-anatomic analysis procedure was used to test a priori hypotheses regarding the localization of functional activation within the ventromedial temporal lobe, as well as the inferior prefrontal cortex. Regions of interest (ROI) were derived from each individual subject's high resolution T1 structural scan using a semiautomated anatomic reconstruction and labeling procedure Fischl et al., 1999 Fischl et al., , 2002 followed by manual editing to define four specific ROIs in each hemisphere of each subject (using Freesurfer software-http://surfer. nmr.mgh.harvard.edu/). ROI labels were visualized using the Freesurfer tkmedit tool in multiple planes, and were modified primarily in the coronal orientation. For cortical ROIs, the Freesurfer tksurfer tool was used to clarify the contiguity of sulcal and gyral anatomy using the cortical surface model of each subject; surface vertex points were then referenced to the surface overlaid on the volume in tkmedit, in which manual ROI editing was performed.
A modified version of previously described protocols was employed to delineate boundaries of ROIs, including hippocampal, parahippocampal (a single ROI containing entorhinal, perirhinal, and posterior parahippocampal regions) (Dickerson et al., , 2004 Goncharova et al., 2001) , and fusiform ROIs (Dickerson et al., 2004) . In addition, an inferior prefrontal cortical ROI was delineated. In brief, the anatomical criteria used for these ROIs are as follows. For hippocampal formation (CA fields, dentate gyrus, and subiculum), the rostral boundary was the first coronal section in which the rostral hippocampal formation could be clearly visualized ventral to the alveus. The caudal boundary was the last coronal section in which the structure of the tail of the hippocampal formation could be clearly visualized medial to the fornix. The lateral boundary was the cerebrospinal fluid in the temporal horn of the lateral ventricle, and the ventromedial boundary was a 458 placed at the ''shoulder'' of the parahippocampal gyrus to divide subiculum from entorhinal/ parahippocampal cortex. The parahippocampal ROI included entorhinal, perirhinal, and parahippocampal tissue; its rostral boundary was the first coronal section on which the sulcus semiannularis and gyrus ambiens could be visualized; its caudal boundary was the last coronal slice in which the hippocampal formation could be visualized. Its medial boundary was the sulcus semiannularis rostrally and the subiculum caudally after the hippocampal fissure is ''open.'' The lateral boundary extended to the fundus of the collateral sulcus. The fusiform ROI, a portion of the fusiform gyrus, extended from a rostral boundary at the level of the lateral geniculate nucleus (the first coronal section caudal to the parahippocampal ROI) to a caudal boundary at the same coronal slice as the caudal boundary of the hippocampal formation. The medial and lateral boundaries were the fundi of the collateral and lateral occipito-temporal sulci, respectively. The inferior prefrontal ROI, which included pars opercularis, triangularis, and orbitalis, was bounded by the inferior frontal sulcus (dorsal and rostral boundary), the precentral sulcus (caudal boundary), and the lateral orbital sulcus and/or circular insular sulcus (ventromedial boundary).
For this functional-anatomic analysis, each subject's motioncorrected echo-planar data were coregistered to that subject's T1 data. For each subject, each ROI (based on individual subject T1 data) was then transformed to MNI space by applying the same transformation matrix that was applied to the functional data (described above). To obtain a single ROI representing each anatomical region for the entire group of 15 subjects, a mask of the union of the individual ROIs was created, allowing for the maximal extent of each ROI across all subjects. The SPM2 general linear model was applied to the EPI voxels that were identified as belonging to each ROI. Statistical activation maps were obtained for the Free Recall Hits > Free Recall Misses group contrast for the 15 subjects using the union mask for each ROI. In each ROI, activation was considered significant for clusters of three or more contiguous voxels, P < 0.005 uncorrected. This relatively lenient statistical threshold was employed because of the hypothesis-driven approach, and because task-related MTL signal changes can be relatively subtle due in part to susceptibilityrelated signal losses (Strange et al., 2002; Greicius et al., 2003; Ongur et al., 2005) .
In addition, mean time courses of the BOLD signal for each condition (Hits and Misses) were obtained from voxel clusters of interest that exceeded the statistical threshold within each ROI using the SPM MarsBaR toolbox (http://marsbar.sourceforge. net/) to visualize differences in the peak signal and the shape of the hemodynamic response.
An exploratory whole-brain analysis was performed with similar preprocessing, and results were reported for P < 0.005 (uncorrected) if clusters included five or more contiguous voxels. As has previously been discussed, results from exploratory analyses with these relatively liberal parameters can be interpreted as preliminary results to be investigated further in future studies (Kirchhoff and Buckner, 2006) .
Psychophysiologic Interaction Analysis of MTL-Neocortical Functional Connectivity That Predicts Free Recall
To assess the hypothesis that encoding processes leading to successful free recall were associated with a greater degree of ''functional connectivity'' (correlation of activity) between MTL and neocortical brain regions than was present during the encoding of items that were not recalled, a psychophysiologic interaction (PPI) analysis was performed in SPM (Friston et al., 1997) . PPI analysis enables the detection of regionally specific brain activity that is modulated by the interaction between the activity in another brain region(s) and a psychological/behavioral measure. We interpret findings from this analysis as indicating the behavioral condition-specific functional interaction between brain regions (Das et al., 2005; Egner and Hirsch, 2005) . Note that, in this case, a single PPI analysis was performed to test the hypothesis that there are hippocampal-neocortical interactions during encoding that predict free recall.
PPI analysis is performed by setting up a design matrix containing three columns of variables: (1) one regressor representing the behavioral measure of interest (the psychologic variablee.g., Free Recall Hits vs. Misses), (2) one regressor representing the deconvolved timecourse in a particular source volume of interest (the physiologic variable from the source region-e.g., the hippocampal formation), and (3) a regressor representing the cross-product, or PPI, of the other two regressors (the psychophysiologic interaction term). A statistical parametric map is then computed that shows areas where activation is predicted by the PPI term, and the physiologic and psychologic variables are treated as nuisance regressors. Thus, an effect resulting from this analysis indicates that the correlation between activity in the source region (e.g., the hippocampal formation) and other regions (e.g., prefrontal) during the encoding of items that are subsequently freely recalled (Hits) is significantly greater than that during the encoding of items that are not recalled (Misses).
To perform PPI analysis using SPM2, we extracted the deconvolved timecourse within the left hippocampal ROI from each subject as the physiologic source variable (a 4-mm sphere surrounding the peak voxel of the 5-voxel cluster of significant differential activity in the Hits vs. Misses analysis-see Results section below). The psychologic variable was the contrast of Hits vs. Misses (see Results section below). We then performed PPI analyses to identify the interaction term (first column) using the contrast [1 0 0]. Individual subject contrast images were then entered into a second-level random-effects analysis (using a onesample t-test), using a mask of the eight a priori ROIs and a threshold of P < 0.005 with a cluster size of 3 voxels, as above.
Regional Brain Activity That Predicts Intraindividual Variability in Free Recall Performance
The analyses described above focused on identifying brain regions that show greater activity for all encoded-and-subsequently-recalled items (Hits) averaged together than for items not recalled (Misses). We observed notable intraindividual (within-subject) variability in free recall performance across the ten encoding-recall lists. We hypothesized that intraindividual differences in recall performance for each list (run) are predicted by differences in prefrontal, medial temporal, or ventral temporal brain activity during encoding. To investigate this hypothesis, a within-subject analysis was performed in SPM2 to determine whether there were correlations between regional brain activity during the encoding of each list and the number of items recalled from each list. Data from all 14 items per list were used in this analysis, rather than items from only the list body. In this fMRI OF FREE RECALLanalysis, a design matrix was constructed that contained a regressor representing the behavioral conditions of interest (i.e, All vs. Fixation and Hits vs. Misses) and a regressor representing the free recall performance in each of the ten encoding runs (number of items successfully recalled from each list). A statistical parametric map was then computed that showed areas where activation was correlated with recall performance for each individual subject. Individual subject contrast images were then entered into a second-level random-effects analysis (using a one-sample t-test), using a mask of the eight a priori ROIs and a threshold of P < 0.005 with a cluster size of 3 voxels, as above. An effect resulting from this analysis using the All vs. Fixation contrast indicates areas where activity during the encoding of every stimulus during a given list is significantly correlated with recall performance, which would indicate activity in brain regions that support performance-related cognitive processes engaged to a greater degree throughout all items of a list for lists in which recall performance is better (list-specific processes). In contrast, an effect resulting from this analysis using the Hits vs. Misses contrast indicates areas where the differential activity during the encoding of items that are subsequently freely recalled (Hits) vs. encoding of items that are not recalled (Misses) is significantly correlated with recall performance. Thus, this analysis reveals activity in brain regions that support performance-related cognitive processes engaged to a greater degree specifically for the stimuli that are subsequently recalled (vs. stimuli not recalled) for lists in which recall performance is better (item-specific processes).
RESULTS
Behavioral Data
Participants made a correct semantic decision ('Natural' vs. 'Man-made') for 96.7% (6 3.0%) of the items with a latency of 1,090 ms (6 148 ms). Based on participants' responses during the free recall periods, encoding data were sorted into Free Recall Hits and Free Recall Misses bins. Neither the participants' accuracy nor latency on the semantic decision response during encoding differed between items subsequently categorized as Free Recall Hits (97%; 1,082 ms) or Free Recall Misses (97%; 1,095 ms) (all P-values > 0.49). Thus, differential hemodynamic effects observed between these conditions are unlikely to be attributable to differences in stimulus processing time or accuracy during encoding.
As noted above (see Methods), the first word in each list demonstrated a primacy effect and the last two words demonstrated a recency effect; hence the remaining 11 words (the list body) were modeled separately for the first two fMRI analyses. The total number of items freely recalled from the body of the list (excluding list Positions 1, 13, and 14) per subject for the entire scanning session ranged from 25 to 60 (mean 5 45.9, SD 5 11.6) out of a possible 110 items. There was a difference in free recall by category, with subjects recalling more 'Natural' items (25.9 6 5.6 items) than 'Man-made' items (20.0 6 7.3 items, P < 0.01).
The serial list position recall curve is shown in Figure 2A Because of the primacy and recency effects, the subsequent memory analyses modeled items in these list positions separately, with list Position 1 as a ''Primacy'' regressor and Positions 13 and 14 as a ''Recency'' regressor. Because of the small size of these bins, there was inadequate power to perform contrasts of interest for Primacy and Recency, so the subsequent memory contrasts involving Hits and Misses focused on only items in list Positions 2-12. (That is, there were four regressors in the model, and items were assigned to the Hits or Misses bins only if they were in list Positions 2-12.) Although there was a slight fatigue effect, the major findings presented below did not differ when analyses were restricted to only the first seven runs. Thus, to maximize statistical power, analyses were conducted with data from all 10 runs.
Medial and Ventral Temporal and Prefrontal Activity During Encoding Predicts Subsequent Free Recall
Functional-anatomic ROI analyses for a priori regions were performed initially at the individual subject level to optimize localization of activation data with respect to anatomic landmarks. Visualization of individual subject statistical maps overlaid on both mean individual subject EPI and T1 data revealed good correspondence of landmarks, indicating that the quantita- Volume refers to the size of the cluster of activated voxels (3mm 3 voxel size 3 number of voxels in cluster); P uncorrected refers to the P-value of the voxel with the maximum Z score within the ROI; coordinates refer to the locus of the cluster peak in MNI305 stereotactic space. a These clusters did not meet the minimum a priori extent size of three or more contiguous voxels.
FIGURE 3.
Encoding-related activity that predicts free recall is present in left hippocampal (A), left fusiform (B), and left inferior frontal (C) regions. Brain maps display Hits > Misses statistical parametric map within each ROI mask at P < 0.005, overlaid on average brain template derived from the MPRAGE T1 structural data from the 15 subjects in this study (left hemisphere is displayed on left side of coronal images). Timecourses were derived from functional clusters exceeding statistical threshold within each ROI. Using MarsBaR, % BOLD signal change for each condition (Hits in blue and Misses in red) vs. Fixation was extracted from the functional cluster of voxels within each individual subject's ROI and displayed with error bars representing the standard error of the mean.
tive metrics accurately represent BOLD signal effects within the ROIs. Furthermore, group-level clusters of regional brain activation were visualized with respect to each individual subject's anatomical scans (using inverted transformation matrices), and confirmed that the localization of functional activation clusters at the group level accurately represented the localization of voxels from which the signal was sampled at an individual level.
In the group analyses, activation during encoding was significantly greater for items that were subsequently freely recalled (Hits) than for items that were not subsequently recalled (Misses) in the left hippocampal, left fusiform, and left inferior prefrontal regions (P < 0.005; see Table 1 and Fig. 3 ). In each parahippocampal ROI (left and right), there was a cluster of two voxels that exceeded the P threshold but did not meet the extent criteria of 3 or more contiguous voxels (see Table 1 ). There were no voxels that exceeded the statistical threshold in the right hippocampal, prefrontal or fusiform ROIs.
For the hippocampal regions, differential activation between Hits vs. Misses localized-for the group-to the rostral (anterior) left hippocampal formation, at the junction of the uncal and body portions of the long axis of the hippocampal formation. For the parahippocampal regions, differential activation between Hits vs. Misses localized in the group maps to the rostral left perirhinal and caudal right entorhinal cortex. Since these parahippocampal activations did not exceed the a priori extent threshold, they should be interpreted cautiously as trendlevel effects.
Consistent with the findings of the targeted a priori ROI analyses, results of whole-brain exploratory analyses for the Hits vs. Misses contrast demonstrated that greater left inferior prefrontal cortex (LIPC), left hippocampal, and left fusiform activity during encoding predicted subsequent free recall (Table 2) . Additional regions were also identified, which represent candidates for future study, including two clusters in the left lateral parietal cortex and one in the right precentral gyrus (Table 2 ). In the left parietal cortex, one region was localized in the gyral crown of the inferior parietal lobule (MNI coordinates 251, 251, 42) and the other was localized near the fundus of the intraparietal sulcus ) of the cluster of activated voxels; P uncorrected refers to the P-value of the voxel with the maximum Z score within the ROI; coordinates refer to the locus of the cluster peak in MNI305 stereotactic space; R indicates the average Pearson r correlation (average of all individual subject r values) between the % signal change in the peak voxel and free recall performance per run; T shows the t value of the one-sample t-test for this correlation for the group as a whole; L indicates left and R indicates right. Volume refers to the size of the cluster of activated voxels (3mm 3 voxel size 3 number of voxels in cluster); P uncorrected refers to the P-value of the voxel with the maximum Z score within the ROI; coordinates refer to the locus of the cluster peak in MNI305 stereotactic space. (227, 260, 39) . The localization of these clusters was interpreted visually based on an average T1 volume from the 15 subjects in this study.
Prefrontal-Medial Temporal Functional Connectivity Predicts Free Recall
The PPI analysis revealed that correlated activity within a specific set of regions was stronger during the encoding of items that were later recalled. Activity in the left hippocampal region was more highly correlated with activity in LIPC (4 voxel cluster, Z 5 2.85, P < 0.002, MNI: 227, 215, 221) and right hippocampal (3 voxel cluster, Z 5 3.41, P < 0.0003, MNI: 227, 29, 215) regions during Hits than during Misses. That is, when subjects attempted to learn a list of pictures, a stronger correlation between activity in the left hippocampal formation and activity in the right hippocampal formation and LIPC was present during the encoding of items that were subsequently freely recalled than during encoding of items not recalled.
Medial Temporal, Ventral Temporal, and Prefrontal Activity Predicts Intraindividual Differences in Free Recall Performance
For the All vs. Fixation contrast, the intraindividual (between-run, within-subject) analysis revealed that better free recall performance for any given list was associated with greater activity in the LIPC, right inferior prefrontal cortex (RIPC), and right caudal hippocampal formation during the run. That is, when subjects attempted to learn a list of pictures, greater activity in these prefrontal and medial temporal regions during the viewing of each picture in a given list-regardless of whether that picture was later recalled-predicted better subsequent free recall performance for the names of the pictures in that run (see Table 3 and Fig. 4) . The peak activity in the LIPC in this analysis was localized in a more dorsal and caudal area than the peak activity in the Hits vs. Misses analysis above (see Fig. 5 ). For the Hits vs. Misses contrast, the analysis showed that better free recall performance was associated with greater differential activity in the left hippocampal formation (caudal to the main Hits>Misses finding described above), right caudal hippocampal formation, and left fusiform cortex. This analysis illustrates that better recall performance for a given list was predicted by greater activity in these medial and ventral temporal regions during the viewing of only those items that were successfully recalled compared to items that were not recalled (see Table 3 and Fig. 4) . Dissociation of regional activity during encoding that predicts list-specific free recall performance ability. (A) During encoding, greater left inferior prefrontal activity for all itemsregardless of whether the items are recalled (All vs. Fixation contrast)-predicts better free recall performance on that run (number of hits per run). No such relationship is present in the left hippocampal formation. (B) During encoding, greater left hippocampal activity specifically for items that are later recalled compared to those that are not (Hits vs. Misses contrast)-predicts better free recall performance on that run. No such relationship is present in the left inferior prefrontal cortex. For illustrative purposes, the relative % BOLD signal change between each condition (All -Fixation (A) and Hits -Misses (B)) was extracted from the ROI peak voxel identified in the performance-related analysis described in the text. Dotted lines indicate standard error of the slope of the regression line. Anatomically separate left inferior prefrontal cortical regions make distinct functional contributions during encoding, which predict subsequent free recall. In the pars opercularis (yellow), activity is greater during the encoding of individual items that are recalled compared to those that are not (Hits vs. Misses; see also Figure 3 and Table 1 ). In the caudal inferior prefrontal cortex (purple), activity during the encoding of all items of a list (All vs. Fixation) is greater for lists in which subsequent recall performance is better (more items are recalled; see also Fig. 4 and Table 2 ). For this illustration, suprathreshold functional clusters were rendered on the partially inflated pial surface of the canonical SPM/MNI standard template (colin27) using the Freesurfer tksurfer tool.
Based on the results of this analysis, we hypothesized that free recall performance on a list would be better predicted by a combination of both list-specific prefrontal activity and items-specific hippocampal activity, than by the activity in one of the regions alone. To investigate this hypothesis, a stepwise multiple linear regression analyses was performed in which the independent variables were percent signal change from the peak coordinates of the regions identified in the analysis above (e.g., LIPC average % signal change for all stimuli per run, All vs. Fixation; left hippocampal % signal change for Hits -% signal change for Misses per run, Hits vs. Misses) and the dependent variable was the number of hits per run. Since the LIPC was the region with the highest T value, it was entered first. The remaining regions were subjected to a stepwise analysis to determine which of them would explain significantly greater intraindividual recall performance variance than the LIPC alone. In addition to the left hippocampal region (F 5 6.1, P < 0.003), the left fusiform region also entered this model (F 5 5.5, P < 0.001; overall model R 5 0.32).
This result indicates that intraindividual differences in list-bylist free recall performance were best predicted by a combination of list-specific LIPC activity and item-specific left hippocampal and fusiform activity during encoding. This finding suggests that these brain regions compose a prefrontal-medial temporal-ventral temporal network, the activity in each component of which makes a distinct contribution during learning that is important for subsequent free recall performance.
DISCUSSION
The fMRI data presented here demonstrate that activity within prefrontal, MTL, and fusiform regions during encoding predicts successful subsequent free recall, and that these regions act together as a functionally connected prefrontal-temporal network. Furthermore, the components of this network make distinct contributions during encoding that predict recall performance ability. This paradigm produces robust encoding-related activity in occipitotemporal, MTL, and inferior prefrontal cortex. Greater activity is present during encoding of items that are later freely recalled-compared to items not freely recalled-in several regions, including the left hippocampal formation, left fusiform, and LIPC. Hippocampal-prefrontal regions function together as nodes of a distributed memory-related network (Mesulam, 1990) : i.e., left hippocampal activity is more tightly correlated with right hippocampal and LIPC activity during encoding of items that are later freely recalled than those not recalled. Finally, across the ten lists, the presence of a combination of both greater list-specific LIPC activity and greater item-specific hippocampal and fusiform activity during encoding predicts intraindividual (within-subject) variance in the number of items recalled from each list. Thus, optimal free recall performance is subserved by the presence of distinct and interacting prefrontal-temporal processes that take place during learning.
In the MTL, differential encoding-related activity that predicts free recall is present in the left hippocampal formation, and trends are present in left perirhinal, and right entorhinal cortex.
These findings are remarkably consistent with those from a previous experiment employing a free recall paradigm similar to the present paradigm, but which involved stimulus lists of visuallypresented words (Strange et al., 2002) . Activity in the same three MTL regions was predictive of free recall, with peak coordinates very near those identified in the present study. The differential roles of these MTL regions illuminated through studies of recognition memory (e.g., perirhinal cortex may be associated with familiarity-related while hippocampal formation may be associated with recollection-related processes- (Aggleton and Brown, 1999; Murray and Bussey, 1999; Davachi et al., 2003) implies that all of these processes are engaged during encoding that supports free recall, possibly because recall may depend on multiple specific mnemonic operations including recollection and familiarity. However, Staresina and Davachi (Staresina and Davachi, 2006) recently demonstrated that perirhinal activity during encoding was predictive of both recall and associative recognition, suggesting that it supports more than simply familiaritybased recognition processes. In addition to attempting to further investigate process-related contributors to free recall, future work is planned to investigate the possibility of sustained responses, as have been observed in entorhinal cortex (Fernandez et al., 1999) that predict free recall. Furthermore, it would be of interest to investigate specific primacy or recency effects, which have been shown to be associated with electrophysiologic patterns during encoding (Sederberg et al., 2003; Sederberg et al., 2006) , but limited statistical power in this paradigm precluded such analyses in the present data.
Free recall is predicted by activity in several non-MTL regions, including left fusiform and LIPC (Brassen et al., 2006; Staresina and Davachi, 2006) . Left fusiform activity was observed previously to be a predictor of free recall of initial list items, suggesting a primacy effect (Strange et al., 2002) . In the present study, left fusiform activity predicted recall of list-body items, after items showing primacy and recency effects were removed. Since fusiform activity during encoding has been observed to predict subsequent recognition memory (Brewer et al., 1998; Wagner et al., 1998; Kirchhoff et al., 2000; Sperling et al., 2003) , it may be that encoding-related visual processes important for recognition memory also support recall (Staresina and Davachi, 2006) . It is also possible that, during encoding, deeper high-level visual processing of the perceptual and semantic elements of a visual stimulus influences whether these elements will be retrieved during the search processes involved in free recall. The ability to generate a mental image or otherwise recapitulate prototypical visual-semantic properties of a stimulus may be important for retrieval and the fusiform gyrus appears to be critically involved in this visual memory-related process (Wheeler et al., 2000; Vaidya et al., 2002) . In addition, fusiform activity has been observed in picture naming, suggesting that it has a specific lexical-phonologic role in the encoding of namable objects (Kirchhoff et al., 2000) .
The LIPC is involved in semantic decision-making , which was the explicit task asked of the subjects during encoding; activity in this region has been observed previously when similar semantic decisions are made at encoding (Weis et al., 2004) . Studies that have specifically manipulated ''depth of encoding'' processes have demonstrated both greater LIPC engagement during encoding and better subsequent memory performance, although such investigations have typically employed recognition memory tests (Kapur et al., 1994) . LIPC activity is also consistently present during covert word generation (Cuenod et al., 1995) , in which subjects typically engage while performing the present task. The generation of the name of the visual stimulus in this paradigm likely involves semantic search, response selection, and the phonologic aspects of covert naming, all of which have been associated with LIPC activity in previous studies (Bookheimer, 2002) . These semantic and lexical processes may be engaged more deeply during encoding of items that are later recalled compared to those not recalled.
The ability to spontaneously recall previously learned material depends not only on the activity within frontal and temporal regions during encoding, but also on the degree to which activity is correlated between these regions. Such memory-related networks involving MTL regions have been identified in face-name associative encoding/recognition (Sperling et al., 2003) and in visual paired-associate learning (Ongur et al., 2005) , but have not been investigated in relation to free recall. The PPI analysis employed in this study suggests that free recall is predicted by the degree of functional connectivity within a bilateral hippocampal-LIPC memory network. At the time of encoding, the activity of these regions is more highly correlated for individual items that will later be recalled than for items not recalled, suggesting that free recall depends upon the convergent engagement of the cognitive processes subserved by prefrontal and hippocampal brain regions.
The behavioral results from this task demonstrate notable variability of intraindividual (within-subject) free recall performance across the ten lists. In a block-design study, Fernandez et al. found that MTL activity at encoding correlated with the number of items recalled from word lists (Fernandez et al., 1998) . The present data indicate functionally specific contributions within prefrontal and temporal regions to recall performance. For any given list, the presence of greater LIPC activity during the encoding of every item in the list (compared to visual fixation) predicts better recall performance on that list. Performancerelated prefrontal activity in this task may reflect a behavioral set (e.g., relating to attention, motivation, or encoding strategy) that is present, while a list is being learned but is not specific to particular list items (i.e., recalled vs. nonrecalled items). In contrast, for any given list, the presence of greater left hippocampal activity specifically during the encoding of items that are later recalledcompared to those that are not-predicts better recall performance. In this case, hippocampal activity reflects item-specific processes that take place at the time of encoding that determine not only whether an item will be recalled but also the number of items that will be recalled. Greater hippocampal activity may subserve a more robust associative binding of various perceptual and semantic attributes of specific items during encoding that then confers better access to these attributes and their associations during the retrieval phase. However, there may be additional types of hippocampal contributions, given that the caudal right hippocampal formation demonstrated greater list-specific activity that predicted recall performance. In addition, left fusiform demonstrated greater itemspecific encoding activity that predicted recall performance ability. Since multiple regression analysis demonstrates that intraindividual differences in free recall performance are best explained by a combination of both greater list-specific prefrontal and item-specific hippocampal and fusiform activity, it appears that the involvement-at encoding-of prefrontal attentional/strategic processes and hippocampal and fusiform mnemonic processes is an important determinant of recall performance.
In summary, we provide evidence that the ability to freely recall recently learned information is predicted by activity in a set of prefrontal and temporal lobe regions during the encoding of information. There are likely a host of additional brain processes that take place subsequent to encoding that are important for free recall, such as sustained neural activity during the delay between learning and recall and activity during the recall period itself. Yet the present data support the concept that free recall depends in part on the recruitment at encoding of progressively higher uni-and heteromodal cortical regions involved in perceptual-semantic processing, prefrontal regions involved in phonologic and semantic processing, and MTL regions involved in the integrative association of various features of the percept into a bound representation (Hasselmo and Wyble, 1997; Simons and Spiers, 2003) . Furthermore, we provide evidence that prefrontal, MTL, and fusiform regions make distinct contributions during encoding that, together, predict how much information will later be recalled. Thus, dysfunction within any of these regions or in the interactions between regions (i.e., disconnection) may result in memory impairments, as can be seen in focal lesion-related amnesias (Warrington and Weiskrantz, 1982 ) and Alzheimer's disease (Hyman et al., 1984) . It will be interesting to determine whether a similar set of interacting brain regions is engaged during the free recall phase itself, which has been suggested by recent work showing that encoding-related processes in parahippocampal and fusiform cortex are recapitulated during recall (Polyn et al., 2005) .
